Hospital mortality rates are elevated in critically ill patients with bloodstream infections. Given that mortality may be even higher if appropriate treatment is delayed, we sought to determine the effect of inadequate initial empiric treatment on mortality in these patients. A retrospective cohort study was conducted across 13 intensive care units in Canada. We
Introduction
Bloodstream infections (BSI) are associated with considerable morbidity and mortality, with an estimated burden of 575,000-677,000 total episodes and 79, 000-94,000 deaths per year in North America [1] . Although BSIs can be community-acquired, many infections originate in intensive care units (ICUs) because of the frequent occurrence of device-associated infections such as ventilator-associated pneumonia, central line-associated BSI and urinary tract infections [2] . A global point prevalence study performed in 75 countries found that 15% of patients in 1,265 ICUs had documented BSIs [3] . Patients who have ICU-acquired BSIs have a 3-fold higher mortality than ICU patients who do not have BSIs [4] ; the attributable cost of these infections is approximately $25,155 CAD per patient in survivors [5] .
Although some studies have shown that adequate initial empiric antimicrobial therapy improves the prognosis of critically ill patients who have BSIs, others have detected no such association (reviewed in Ramphal [6] ). These conflicting findings have prompted a systematic review on the methods used to assess this relationship with the goal of providing recommendations to improve the internal and external validity of future studies [7] .
One strategy to achieve early adequate empiric therapy is the initial use of broad-spectrum antibiotics; however, this strategy may worsen already high rates of antimicrobial resistance [8] . Antimicrobial resistance is even more pronounced in the ICU where broad-spectrum antimicrobial agents are more commonly used for empiric treatment due to increased illness severity and risk of transmitting resistant bacteria among patients [9] . Eventually, antimicrobial resistance limits treatment options and further delays average times to effective therapy [7, 10] .
In light of conflicting evidence, we sought to determine the effect of inadequate initial empiric antimicrobial treatment on in-hospital mortality in a Canadian cohort of critically ill patients with BSIs. We hypothesized that inadequate initial empiric antimicrobial treatment would be associated with an increased likelihood of hospital mortality. A better understanding of the relationship between inadequate initial empiric treatment and clinical outcomes can help to inform optimal strategies to improve the prognosis of patients with severe BSIs. 
Data Collection and Entry
Patient demographics, reasons for admission, severity of illness, comorbidities, source of bacteremia, pathogen(s) and susceptibility, antimicrobial treatment, and clinical outcomes were abstracted by previously trained Canadian Critical Care Trials Group-affiliated research coordinators at each ICU. Data were entered into a web-based, secure electronic case report form. All patient data were anonymized and de-identified prior to analysis.
Measures
Exposure. A patient was classified as having inadequate initial empiric antimicrobial treatment if they did not receive at least one dose of an antimicrobial to which their causative pathogen(s) was susceptible within one calendar day of culture collection. The time of blood culture collection was selected as the most objective and consistent measure of suspected onset of sepsis; onset of hypotension or organ failure could not be used as an anchor because many of the patients were already critically ill in ICU prior to the acquisition of their BSI. Although dose, interval, route and therapeutic drug levels are important components of adequate antimicrobial treatment, these concepts are more applicable to defining adequacy of an overall course of antimicrobial treatment, and cannot be easily incorporated into a definition of timing of initiation of adequate treatment. Treatment adequacy was adjudicated by an infectious diseases physician blinded to the patient's clinical outcome. For patients with polymicrobial BSIs, all pathogens were required to be susceptible to the antimicrobial(s) in the regimen, but in mixed cultures the susceptibility profile of probable contaminant species (such as Bacillus spp) was ignored. For the first 100 patients, a second infectious diseases physician conducted duplicate independent adjudication, blinded to the first adjudicator's assessment. Excellent agreement on the exact start date of adequate treatment (percent agreement = 94%) was found.
Outcome. The primary outcome was all-cause in-hospital mortality.
Covariates. Covariates considered in the analysis were age, sex, body mass index, causative pathogen(s) (grouped into 11 genus categories, see Table 1 ), admission category (medical, surgical, trauma, burns and neurological), ICU admission due to septic shock, vasopressor use at index blood culture, severity of illness as measured by the patient's baseline Acute Physiology and Chronic Health Evaluation (APACHE) II score (measured within 24 hours of ICU admission) [16] , and 12 comorbid conditions listed in Table 1 . The setting in which the infection was acquired was assigned as community if it was diagnosed on a blood culture obtained within 48 hours of hospital admission, hospital if the culture was obtained more than 48 hours after hospital admission, and ICU if it was obtained more than 48 hours after ICU admission. The patient's source of infection (vascular catheter, pneumonia/respiratory, urinary, intra-abdominal, hepato-biliary, skin and/or soft tissue, other, or unknown) was also included, based on a review of history, physical, laboratory findings, and clinician notes. Double adjudication of the first 100 patient charts indicated moderate to high agreement on source of bacteremia. Lastly, a patient was classified as having a highly resistant organism if infected with methicillin-resistant Staphylococcus aureus, vancomycin-resistant Enterococci spp, penicillin-resistant Streptococcus pneumoniae, extended spectrum beta-lactamase (ESBL) producing Enterobacteriaceae, carbapenem-resistant Enterobacteriaceae, carbapenem-resistant Acinetobacter spp; Enterobacteriaceae resistant to at least two of fluoroquinolones, aminoglycosides or trimethoprimsulfamethoxazole; or Acinetobacter spp resistant to at least two of fluoroquinolones, aminoglycosides or ceftazidime [17] .
Statistical Analysis
We used a random effects logistic regression model that explicitly models between-and within-ICU variation in patient populations and treatment practices to account for the hierarchical data structure. Associations between potential confounders and the exposure (treatment inadequacy) and outcome (death) were explored through univariable analyses using Pearson's χ2 test for categorical covariates and Student's t-test for continuous covariates. Variables associated with the exposure and outcome at the P 0.20 level were assessed for inclusion in the multivariable model using a forward fitting approach. Variables were added in order of largest to smallest effect size with the outcome; variables were retained if they modified the beta coefficient for the effect of treatment inadequacy on mortality by 10% [18] . Model goodness-of-fit was assessed using the Akaike information criterion (AIC) and the Bayesian information criterion (BIC). Following variable selection, effect modification by genus of the causative organism (s) was tested through the pre-specified addition of interaction terms to the model; statistical significance was assessed using a likelihood ratio test.
Sensitivity analyses were done to examine the robustness of study results by: (1) excluding patients who died within 3 days of initial blood culture, to assess for survivor bias as patients had to survive long enough to get adequate treatment; (2) using a two-day, rather than a oneday, window for defining treatment inadequacy; and, (3) excluding patients who received no antimicrobial treatment at all, as these patients may have been assessed as not requiring treatment, or may have died too early to receive (adequate or inadequate) empiric treatment. Similarly, in a post-hoc sensitivity analysis, patients receiving less than one day of adequate treatment were excluded.
Finally, to examine whether there was a mortality gradient with increasing time to adequate antimicrobial treatment, we repeated the model building process with time to adequate 
Results

Patient Characteristics
The cohort included 1,190 critically ill patients with bloodstream infections. Over three quarters (77.7%) of patients were admitted to the ICU with a medical cause; one third were specifically admitted due to septic shock (37.1%) ( Table 1) . Overall, 176 patients (14.8%) patients had polymicrobial BSIs. E. coli and S. aureus were the most common causative pathogens, being cultured in one third of patients. Half of the infections were acquired in the community (50.5%), with the remainder acquired in hospital or ICU. Pneumonia (38.1%), urinary tract (20.3%), and vascular catheter infections (19.8%) were the three most common sources of infection; the source of infection was unknown in 15.4% of patients. A highly resistant pathogen was cultured for 12.0% of patients. A total of 476 (40.0%) patients died in hospital.
Among all patients with bloodstream infections, 266 (22.4%, 95% CI 20.0%-24.8%) received inadequate initial empiric antimicrobial treatment. There was wide variation across ICUs. Two ICUs (#4 and 7) that comprised one-sixth of the study's population (16.3%) accounted for one-third of patients with inadequate initial empiric treatment (32.7%) ( Table 1) . In these ICUs, the proportion of patients with inadequate treatment reached as high as 46.0% compared to as low as 6.0% in other ICUs (#3 and 9) (P<0.001, data not shown). Patients receiving inadequate initial empiric treatment were more likely to be admitted after surgery or have a vascular catheter identified as the source for infection (Table 1) . Patients with inadequate initial empiric antimicrobial treatment were also more likely to have acquired their infection in the ICU and to have been infected with Enterococcus spp or Candida spp., as compared to those with adequate treatment.
Multivariable Analysis
In the final multivariable model, we did not detect an independent association between inadequate treatment and mortality in patients with bacteremia (adjusted OR = 1.02, 95% CI 0.70-1.48). However, in patients with candidemia, inadequate initial empiric treatment was associated with almost three times the odds of death (adjusted OR = 2.89, 95% CI 1.05-7.99) ( Table 2) . Interaction terms for all other genus variables were non-significant when added to the fully adjusted model (S1 Table) .
Effect of time to adequate treatment on mortality
When we examined time to adequate treatment in days as the exposure variable, we found similar results. In the adjusted model, each one category increase in delay (no delay, minor, moderate and major) was not associated with increased mortality in patients with bacteremia (adjusted OR = 1.03, 95% CI = 0.89-1.21); however, a 67% increase in mortality was detected with each additional stage of delay in initiation of adequate antifungal treatment in patients with candidemia (adjusted OR = 1.67, 95% CI 1.06-2.63). 
Sensitivity Analyses
Sensitivity analyses confirmed that our study findings were robust to excluding patients who died <3 days from initial blood collection, re-defining the initial empiric treatment window to two days, and excluding patients who received no antimicrobial treatment at all (Fig 1) . Our findings were also robust to excluding 40 patients who were defined as receiving adequate treatment but for a duration of less than 1 day (bacteremic patients OR = 1.10, 95% CI = 0.75-1.61; candidemic patients OR = 2.74, 95% CI 0.98-7.68). When we excluded patients infected with coagulase negative staphylococci there was still no association between inadequate treatment on mortality in patients with bacteremia (OR = 0.91, 95% CI 0.60-1.39). When we forced the APACHE II score into the model, results were unchanged from our main analysis, in that there was no significant association of initial inadequate treatment with bacteremia mortality (OR = 1.01, 95%CI 0.69-1.48), and a persistent association of inadequate treatment with candidemia mortality (OR = 3.08, 95%CI 1.10-8.60).
Comparing bacteremic and candidemic patients
To examine contributing factors to the observed effect modification by Candida spp infection, we explored differences between bacteremic and candidemic patients. Candidemic patients were more likely to be admitted to the ICU after surgery, have acquired their infection in the ICU, and have a vascular catheter or intra-abdominal source of infection (Table 3) . A post-hoc analysis in which we forced solid organ malignancy, as well as vascular catheter and intraabdominal sources of infection into the model to adjust for noted differences between bacteremic and candidemic patients (that were not already included in the main model), the findings were unchanged from our main analysis (bacteremic patients: OR 1.02, 95% CI 0.70-1.50; candidemic patients: OR 3.02, 95% CI 1.07-8.49).
Finally, there were notable differences in time to adequate treatment and receipt of final blood culture results (Fig 2) . Overall, patients had a median time to treatment of 0 days (interquartile range (IQR) 0-0 days). Bacteremic patients received adequate treatment more promptly than candidemic patients (median 0 days, IQR 0-1 day versus median 2 days, IQR 0-3 days, P<0.001). Similarly, the period from blood culture collection to receipt of final blood culture results was shorter for patients with bacteremia (median = 3.0 days, IQR 2-4) than candidemia (median = 4.0 days, IQR 2-6) (P<0.001) (Fig 3) . 
Discussion
In our cohort of critically ill, bacteremic patients, 1 in 5 patients experienced a delay in initial adequate antimicrobial treatment, but we did not detect an overall association of inadequate treatment with hospital mortality, similar to other studies which have adjusted for key confounding variables [19] [20] [21] . Such adjustment is important in studies of heterogeneous patient populations who have variable mortality risks [6] . Our results were robust to sensitivity analyses excluding patients with early deaths, varying the definition of initial inadequate treatment, and excluding those who received no antimicrobial treatment.
However, in the subgroup of patients with candidemia, we found almost a 3-fold increased odds of hospital mortality among patients receiving inadequate initial empiric antimicrobial treatment. This finding is supported by a number of studies showing an increased risk of mortality in candidemic patients lacking adequate initial treatment [22] [23] [24] [25] [26] . Fungal BSIs have among the highest rates of inadequate empiric treatment, attributable mostly to a lack of empiric antifungal therapy rather than to antifungal resistance [27, 28] . In our study, most of the candidemic patients (65%) did not receive adequate initial empiric treatment, and many (30%) received no adequate antimicrobial treatment. Candidemic patients experienced important delays in timing to blood culture finalization and adequate treatment provision relative to bacteremic patients. Blood culture methods have long turn-around-times to positive results, species identification and susceptibility results for Candida that prohibit timely diagnosis and delays initiation of antifungal therapy [29] . For each additional day that empirical flucanozole treatment is delayed, Garey et al (2006) detected a corresponding increase in mortality in hospitalized candidemic patients [30] . These findings have been replicated in other settings [31, 32] , and our own data which indicated a 67% increase in mortality with each additional stage of delayed initiation of adequate antifungal treatment.
We hypothesize that this delay in initiation or correction of therapy may have led to the observed association between inadequate initial empiric antimicrobial treatment and mortality in candidemic patients. By contrast, the shorter turn-around-time to establish diagnosis in bacteremic patients may have allowed therapy to be corrected more quickly, preventing progression to more severe illness. This notion is supported by a quasi-experimental study of surgical critically ill patients that demonstrated that taking a more conservative approach to antimicrobial treatment (i.e. delaying treatment until microbiological evidence of infection) did not worsen mortality [33] . Alternatively, it is possible that we failed to detect an association between inadequate treatment and mortality in bacteremic patients because the crucial period of reversibility may be in the first few hours from onset of infection, and we were limited to measuring timing of onset from culture collection, and also to measuring delay in calendar days rather than hours [31] .
A prior randomized controlled trial in 270 ICU patients with persistent fever despite broad spectrum antibiotics detected no benefit of empiric fluconazole versus placebo [34] , and so broad use of empiric fluconazole may not be warranted in all ICU patients with suspected bloodstream infection when only a minority will have candidemia (e.g. 7.8% in our cohort). However, our findings emphasize the need for strategies that minimize delay in appropriate treatment for the subset of critically ill patients at highest risk of candidemia.
Polymerase chain reaction (PCR) methods have been shown to have good sensitivity (95%) and specificity (92%) in patients with suspected invasive candidiasis relative to patients with proven candidemia [35] , as well as a shorter time to initiation of antifungal treatment compared to conventional culture methods (median time: 31.0 hours vs 67.5 hours) [36] . Blood testing for 1-3 beta D glucan, a fungal cell wall component, has also been shown to expedite diagnosis of candidemia [37, 38] . However, the net clinical or economic benefit of these novel methods have yet to be evaluated in a randomized controlled trial [35] . While a growing number of studies have developed tools to identify critically ill patients at high risk of candidemia [39] , many have demonstrated poor validity when applied in external study populations [39] . Further work is needed to both improve the timely diagnosis of invasive Candida infection and to develop accurate risk prediction tools. This study has several limitations. First, there is no standard definition of inadequate initial antimicrobial treatment [40] . As per methodologic recommendations by McGregor et al (2007), we defined adequacy based on whether the pathogen(s) had in vitro susceptibility to the administered antimicrobial(s); we did not incorporate dosing, route and clinical practice guidelines into our definition as these introduce more subjectivity [7] . Second, our estimates may be biased by our assumption that discharged patients survived; however, assuming differential misclassification where 10% of discharged patients with inadequate initial empiric antimicrobial treatment did not survive 30 days beyond discharge and 5% without inadequate initial antimicrobial treatment did not survive, the unadjusted odds ratio would have changed less than 7% (from 1.76 to 1.88). Finally, while we measured and controlled for a large number of important confounding variables (in particular, severity of illness), residual confounding by adequacy of source control and other factors remains possible.
Conclusion
In summary, while initial inadequate empiric treatment was not associated with increased mortality in our cohort of critically ill, bacteremic patients, patients with candidemia who did not receive adequate empiric therapy had a three-fold increase in the odds of death. Further work in bacteremia is needed to explain the lack of an overall association of inadequate empiric treatment and mortality by evaluating under what conditions (i.e. timing) or among which patient subgroups the effect of inadequate treatment negatively impacts patients, and also to test the safety of delaying broad-spectrum empiric antibacterial treatment in some patients. Further work in candidemia is needed to improve the timeliness of diagnosis and to develop validated risk prediction tools; both strategies have the potential to decrease delays in appropriate treatment without increasing empirical prescribing of antifungals.
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